The deliquescence and efflorescence relative humidity values of 6-to 60-nm NaCl particles were measured using a tandem nano-Differential Mobility Analyzer. The deliquescence relative humidity (DRH) increased when the dry particle mobility diameter decreased below approximately 40 nm. The efflorescence relative humidity (ERH) similarly increased. For example, the DRH and ERH of 6-nm particles were 87% and 53%, respectively, compared to 75% and 45% for particles larger than 40 nm. + 44, which are calibrated for 6 < d m < 60 nm with less than 1% RH uncertainty and where d m is the dry particle mobility diameter (nm). Two independent methods were used to generate the aerosol particles, namely by vaporizing and condensing granular sodium chloride and by electrospraying a high-purity sodium chloride aqueous solution, to investigate possible effects of impurities on the results. The DRH and ERH values were the same within experimental uncertainty for the particles generated by the two methods. The physical explanation for the nanosize effect of increasing DRH and ERH for decreasing dry particle mobility diameter is that the free energy balance of NaCl increasingly favors smaller particles (i.e., those without water) because the surface areas and hence surface free energies per particle are less for small, anhydrous particles than for bloated, aqueous particles. [Supplementary materials are available for this article. Go to the publisher's online edition of Aerosol Science and Technology for the following free supplemental resources: Graphs and data of the size distribution measurements of the deliquescenceand the efflorescence-mode experiments of the 6-, 8-, 15-, 20-, 30-, and 60-nm dry mobility diameter particles.]
INTRODUCTION
When relative humidity (RH) increases to a threshold value, crystalline aerosol salt particles spontaneously take up water to form aqueous saline droplets of increased volume (Martin 2000) . This process is called deliquescence. Conversely, when RH decreases, aqueous saline aerosol particles at first shrink because of water evaporation and finally crystallize at a threshold RH value. This process is called efflorescence. The threshold values of deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH) are not equal, leading to a hysteresis effect in which particles at a given RH may be crystalline or aqueous depending on RH history. Particle state, therefore, is a path function.
For NaCl particles larger than 100 nm, the DRH and ERH values are 75% and 45%, respectively (Tang and Munkelwitz 1984, 1994; Cohen et al. 1987a Cohen et al. , 1987b Richardson and Snyder 1994; Cziczo et al. 1997; Weis and Ewing 1999; Cziczo and Abbatt 2000; Wise et al. 2005) . The relative contribution of surface terms to the free energy, however, increases markedly for sub-100 nm particles (i.e., nanoparticles), which suggests that the DRH and the ERH of NaCl nanoparticles may differ considerably from those of larger NaCl particles. The current report investigates this possibility experimentally, building upon earlier laboratory ) and theoretical investigations (Mirabel et al. 2000; Russell and Ming 2002) of the phase transitions of NaCl nanoparticles.
The theoretical investigations of the nanosize effect on DRH were based on thermodynamic modeling and analysis. Deliquescence occurs at the RH for which the free energy of a crystalline particle surrounded by water vapor equals that of an aqueous particle. The main difference among the theoretical treatments lies in the physical model, specifically whether the surface of the NaCl particle is dry (Mirabel et al. 2000) or coated with a few monolayers of water molecules prior to deliquescence (Russell and Ming 2002) . Laboratory observations have shown that the latter description is accurate for NaCl surfaces above 50% RH (Dai et al. 1997; Luna et al. 1998; Ghosal and Hemminger 1999; Weis and Ewing 1999; Finlayson-Pitts and Hemminger 2000) . The results of the calculations available in the literature differ considerably from one another. Mirabel et al. (2000) predict that a dry 10-nm NaCl particle has a DRH below 60%, compared to a DRH of 75% for large-particle NaCl. Russell and Ming (2002) predict a DRH of 87% for a dry 10-nm NaCl particle. In parallel work, rather than providing results of the dependence of DRH on particle size, Djikaev et al. (2001) address a theory for prompt versus nonprompt deliquescence in the nanosize regime to follow up on the measurements of Hämeri et al. (2001) . We are aware of no theoretical studies regarding the nanosize effect on the ERH of NaCl particles.
In this paper, we present measurements of the DRH and ERH values of 6-to 60-nm sodium chloride particles using a tandem nano-differential mobility analyzer (TnDMA). To rule out possible effects of impurities, we generate particles by two independent methods. Our findings of the nanosize effect on DRH agree well with the laboratory work of Hämeri et al. (2001) as well as the quantitative predictions of Russell and Ming (2002) . We also measure the nanosize effect on the ERH of NaCl particles.
EXPERIMENTAL

Generation of Aerosol Particles
Sodium chloride aerosol nanoparticles were generated both by electrospray of an aqueous solution of sodium chloride and by vaporization-condensation of granular sodium chloride. For electrospray aerosol generation, we employed a 50-mM aqueous solution of sodium chloride (Vonnegut and Neubauer 1952; Chen et al. 1995) . The sodium chloride was high purity (J.T. Baker Ultrex 100% pure) and used as purchased. High purity water was prepared by filtration, followed by ultraviolet irradiation and reverse osmosis (Barnstead Model D8971). The NaCl solution was electrosprayed through a 40-µm capillary tube using a TSI Model 3480 electrospray aerosol generator (EAG). The primary droplets from the tip of the capillary were diluted with 1 Lpm filtered dry air, resulting in an aerosol stream of below 5% relative humidity and of approximately 6 × 10 6 particles cm −3 . The method of vaporization-condensation aerosol generation (VCAG) (Scheibel and Porstendorfer 1983) employed granular sodium chloride placed in a 20-mm diameter (ID) glass tube within a Thermolyne Model 21100 tube furnace through which ultrapure N 2 flowed at 1 Lpm. Particle size was controlled by adjusting the temperature of the furnace from 500 to 700
• C. At 500
• C, the aerosol had a mode diameter of 8 nm, a geometric standard deviation (gsd) of 1.2, and an integrated number concentration of approximately 2 × 10 5 particles cm −3 . At 700
• C, the aerosol had respective numbers of 44 nm, 1.6 gsd, and 4 × 10 7 particles cm −3 . Exiting the tube furnace, the particles had an irregular shape. To obtain a regular shape, we increased the relative humidity downstream of the furnace to above 95% using a 3-m long Nafion conditioner with water (NCW), which caused the particles to deliquesce and form aqueous droplets. The aerosol then flowed through a 2.4-m long Nafion conditioner with air (NCA) (Perma Pure Model MD-110) in which the RH of the aerosol was reduced to below 5%. The sodium chloride particles crystallized in the NCA to form particles that behaved similarly to those generated by the electrospray. The effect of the vaporization condensation aerosol conditioning is discussed further in relation to Figure 9 .
Both the NCA and NCW exchangers had two concentric tubes, namely an outer 6-mm stainless steel tube and an inner 2-mm Nafion tube. The aerosol flowed at 1 Lpm through the central Nafion tube. In the case of the NCW, pure water was in the outer tube and thus set a relative humidity greater than 95%. In the case of the NCA, a 2-Lpm conditioning flow passed through the outer tube to adjust the RH between 10% and 90%. For both the NCW and the NCA, the difference in the water vapor pressure between the aerosol and conditioning flows provided a driving force for the diffusion of water through the Nafion material and hence the adjustment of relative humidity in the aerosol flow.
Tandem Nano-Differential Mobility Analyzer
(TnDMA) A tandem nano-DMA was used to investigate the hygroscopic properties of the sodium chloride aerosol particles. As shown in Figure 1 , the apparatus consisted of two nano-DMAs (TSI Model 3085), an ultrafine condensation particle counter (CPC) (TSI Model 3025), and a set of Nafion tube conditioners. DMA-1, equipped with a 210 Po ionization source (NRD Model P-2031) to establish an equilibrium charge distribution on the particles in the ultrapure nitrogen carrier gas (Wiedensohler and Fissan 1991), produced a monodisperse sample from a dry, polydisperse input aerosol generated by either electrospray or vaporization-condensation. The aerosol was exposed to one of two RH histories, depending upon whether deliquescenceor efflorescence-mode experiments were being conducted (see further below). DMA-2, in conjunction with the ultrafine CPC, measured the number size distributions of the particles subsequent to the applied RH history. Relative humidity at several points throughout the apparatus was measured by capacitance sensors (Omega Model HX93AV) with an accuracy of ±2.5% RH. These sensors also measured temperature with an accuracy of ±0.6
• C. Temperature differences throughout the apparatus were within this uncertainty during the experiments DMA-1 was operated as follows. Polydisperse aerosol particles were passed through a 210 Po bipolar charger prior to entrance into the DMA. The polydisperse aerosol flow-in and the monodisperse aerosol flow-out were maintained at 1 Lpm. The sheath air flow, having an RH below 5%, was 20 Lpm. This ratio of flows resulted in a nearly monodisperse aerosol (geometric standard deviation of less than 1.05). A Gilibrator bubble flow meter was regularly employed to check the calibration of all flows.
For deliquescence-mode measurements, the relative humidity of the aerosol flowing downstream from DMA-1 was stepwise increased using an NCA ( uptake. This change of particle diameter was measured further downstream by DMA-2. The conditioning flow in the NCA was in the opposite direction of the aerosol flow as a design approach to ensure that the RH of the aerosol was monotonically increased. The RH of the conditioning flow in the NCA was controlled by proportioning humid and dry flows. To produce the humid flow, we passed filtered air through a 3-m NCW. The RH at the outlet of this humidifier depended on the flow rate. For 2-Lpm airflow, RH values above 95% were obtained in the humid flow.
For efflorescence-mode experiments, an NCW and an NCA were used in series (Figure 1 with valve A open and valve B closed). The relative humidity of the aerosol flow downstream from DMA-1 was increased to greater than 95% in the NCW. After exiting the first conditioner, the aerosol passed through the NCA in which the relative humidity was stepwise decreased during the experiments. In contrast to the deliquescence-mode experiments, the conditioning and aerosol flows in the NCA were in the same direction (not depicted in Figure 1 ) as a design approach to ensure that the RH of the aerosol was monotonically decreased.
After the aerosol was exposed to an RH program, the number size distribution was measured by DMA-2 and the ultrafine CPC. These measurements produced the data shown in Figures 2, 3, 6 , 7, 10, and the supplementary material. The relative humidity of the sheath air flow for DMA-2 was controlled by proportioned flows through an NCW and an NCA to match the relative humidity of the test aerosol. This procedure avoided RH gradients and particle size changes inside DMA-2. The aerosol flow to DMA-2 was 0.2 or 0.4 Lpm for measurements above or below 20-nm mobility diameter, respectively. For both cases, the sheath flow was 10 times greater than the aerosol flow.
RESULTS AND DISCUSSION
Dependence of Deliquescence on Particle Size
Number size distributions for 40-and 10-nm particles during a deliquescence-mode experiment are shown in Figures 2 and  3 , respectively. The mean mobility diameter of the 40-nm particles does not change up to 70% RH (Figure 2) . Between 70 and 74% RH, the particles grow slightly because of water adsorption (Ghosal and Hemminger 1999; Finlayson-Pitts and Hemminger 2000; Romakkaniemi et al. 2001) . At 76% RH, the mean mobility diameter increases abruptly from 40 to 70 nm because deliquescence occurs. The 40-nm NaCl particles behave similarly to the reports of other authors that deliquescence occurs at 75% for 298 K (e.g., Tang 1980; Cohen et al. 1987; Richardson and Snyder 1994; Weis and Ewing 1999; Wise et al. 2005) . Once deliquesced, the width of the number size distribution in-
where g is the mobility-diameter growth factor and d Deliquescence of 40-nm NaCl particles. Number size distributions of particles generated by either the electrospray method (left) or the vaporizationcondensation method (right) are shown for increasing relative humidity. The RH history in each experiment is 5% → X % where X is the RH value given in each panel. N is particle number concentration (# cm −3 ) and d m is particle mobility diameter (nm). Temperature is 298 K.
deliquesce at a higher RH (Figure 3) . Namely, the electrospray and the vaporization-condensation particles both deliquesce at 82% RH.
The nanosize effect on DRH is summarized in Figure 4 . DRH increases monotonically as particle mobility diameter decreases from 40 to 6 nm. Figure 4 . Our measurements agree well with the predictions of Russell and Ming (2002) , although a fully accurate comparison requires shifting the predicted lines to slightly higher mobility diameters to account for the shape factor of cubic particles in the transition regime (cf. Biskos et al. 2006) .
The model of Russell and Ming (2002) describes the solid salt particles as coated by a few monolayers of water molecules prior to deliquescence. Coating of the particles prior to deliquescence is supported by the slight growth of the 10-nm particles for RH > 40% (Figure 3 ). Adsorption of a few monolayers of water is consistent with the increases in diameter (Romakkaniemi et al. 2001) . The resolving power of the nano-DMA at 10 nm is sufficient to measure changes in the mean mobility diameter of 0.5 nm. Although the mobility diameter is also influenced by FIG. 4 . Dependence of deliquescence relative humidity on mobility diameter. Experimental results of this study and of Hämeri et al. (2001) are shown as points. Two theoretical treatments (as cited in figure's legend) and the largeparticle reference value are shown as lines. The DRH values of this study are the same within experimental uncertainty for particles generated by the electrospray and the vaporization-condensation methods. (The experimental data are shown for dry mobility diameters whereas the predictions from theoretical treatments are shown for dry volume-equivalent diameters.) particle shape, we assume that any changes in particle shape, such as rounding of the sharp corners of the NaCl cubes at intermediate RH, negligibly influence the mobility diameter (Romakkaniemi et al. 2001 ).
An important possibility to evaluate, especially for nanoparticles, is the role that impurities could have on deliquescence. In this regard, Hämeri et al. (2001) used an atomizer (TSI, model 3076) to generate aerosol particles for the evaluation of the nanosize effect on DRH. Nanoparticles generated from this atomizer start as dilute aqueous droplets in the size range of a micron and are subsequently dried. Impurities, therefore, become more important for smaller dry particle sizes due to the lower initial aqueous concentrations. Bilde and Svenningsson (2004) investigated the presence of small amounts of hygroscopic impurities in several ultrapure waters and their effects on CCN activity. Koseki et al. (1988) , Kinney et al. (1991) , and Brechtel and Kredeinweis (2000) reported on residuals after evaporation for the atomization of pure water. In contrast, we employed the electrospray and the vaporization-condensation methods to generate nanoparticles. The primary electrospray droplets are on the order of a hundred nanometers in diameter. Therefore, compared to atomization, they become much less concentrated upon evaporation. In the vaporization-condensation method, no substances other than those of the particles and the carrier gas are involved in particle generation. This method is thus a clean approach for generating particles of uniform chemistry. We interpret the agreement of DRH for the test aerosols generated by the two independent methods as evidence that the increase FIG. 5 . Free energies of crystalline and aqueous particles per NaCl unit as a function of relative humidity. The RH value at which the free energies of the crystalline and the aqueous particle are equal is the DRH. When the dry particle diameter decreases, the free energy increase of the aqueous particle is greater than that of the crystalline particle provided that
2 ) (see Appendix). Therefore, under this condition, DRH increases when dry particle diameter decreases. (The curves are taken from Figure 9 of Russell and Ming (2002).) in DRH for 10-nm compared to 40-nm particles is caused by the particle size, rather than by an experimental artifact such as impurities in the particles. Differences in purity levels might explain our observations of prompt deliquescence, compared to the reports of nonprompt deliquescence by Hämeri et al. (2000 Hämeri et al. ( , 2001 . Figure 5 provides an explanation why the DRH of the NaCl nanoparticles increases as particle size decreases. The free energy per NaCl unit, which was calculated by Russell and Ming (2002) , is shown for several diameters of crystalline and aqueous particles. The increase in free energy in the nanosize regime compared to a large-size reference state is smaller for crystalline particles than for aqueous particles so long as σ c /σ aq < GF 2 , where σ c is the RH-dependent surface tension of the crystalline particle, σ aq is the surface tension of the aqueous particle, and GF is the volume-equivalent-diameter growth factor at deliquescence (see Appendix). As a result of the differences in the increases in free energy, the RH value for the crossover of the free energy curves shifts higher. DRH therefore increases. The key physical concept underpinning this conclusion is that the increase in surface energy due to the increase in surface area after deliquescence exceeds the decrease in surface energy resulting from the decrease in surface tension on changing from a wetted crystalline to an aqueous surface. Consequently, DRH increases as particle size d p decreases for NaCl.
The inequality σ c /σ aq < GF 2 holds the intriguing possibility that other materials, especially those whose large particles deliquesce at lower RH, could have an opposite nanosize effect on DRH (i.e., σ c /σ aq > GF 2 ). A lower large-particle DRH implies that GF is smaller because of lower hygroscopic growth at lower RH and, furthermore, that σ c is larger because of reduced water adsorption at lower RH. Both of these factors could favor σ c /σ aq > GF 2 for some materials.
Dependence of Efflorescence on Particle Size
The number size distributions of 40-and 10-nm (given as dry mobility diameter) particles during an efflorescence-mode ex- FIG. 6 . Efflorescence of 40-nm (dry mobility diameter) NaCl particles. Number size distributions of particles generated by either the electrospray method (left) or the vaporization-condensation method (right) are shown for decreasing relative humidity. The RH history in each experiment is 5% → 95% → X % where X is the RH value given in each panel. N is particle number concentration (# cm −3 ) and d m is particle mobility diameter (nm). periment are shown in Figures 6 and 7 , respectively. The abrupt size change between 44% and 46% RH for the 40-nm particles indicates efflorescence, in agreement with the range of ERH values reported in the literature (Figure 6 ) (Tang 1980; Cohen et al. 1987a; Richardson and Snyder 1994; Weis and Ewing 1999; Cziczo and Abbatt 2000; Wise et al. 2005) . In comparison, the 10-nm particles crystallize between 48% and 50% RH (Figure 7) . Similar to the deliquescence-mode measurements, there is agreement within experimental uncertainty for the efflorescence of test aerosols generated by different methods (i.e., electrospray and vaporization-condensation). The slight shrinkage of crystalline 10-nm particles from 49% to 10% RH is consistent with water desorption and hence a thinning of the adsorbed water layers. The nanosize effect on ERH is summarized in Figure 8 . ERH increases as the dry particle mobility diameter decreases. The data are fit by the function: ERH(d m ) = 213d −1.65 m + 44 where d m is the dry particle mobility diameter (nm). Several physical factors influence the size dependence of crystallization. The homogeneous germ nucleation rate is JV, where J is the nucleation rate constant (#-events cm −3 s −1 ) and V is particle volume (cm 3 ). For a nanosize volume, crystal growth is effectively instantaneous so that the crystallization rate of a particle equals the germ nucleation rate (Martin 2000) . All other terms being equal, the volume term of the germ nucleation rate favors decreased ERH for nanoparticles. Figure 8 , however, shows an opposite trend.
This trend can be explained by the Kelvin effect. The solute concentration inside aqueous nanoparticles increases to maintain a water activity in equilibrium with ambient RH (Martin 2000) . Biskos et al. (2006) show that NaCl is present at 53 wt% composition at relative humidities of 54%, 49%, and 44% RH for 6-, 10-, and 60-nm NaCl particles, respectively (dry mobility diameters) because of the Kelvin effect. The observed ERH values of these particles are 54%, 49%, and 44%, respectively (Figure 8) . This calculation therefore indicates that the nucleation rate JV is constant from large particles to nanoparticles when the solution composition is corrected for the Kelvin effect.
Effect of Conditioning on the Hygroscopic Response of Vaporization-Condensation NaCl Particles
The hygroscopic response of vaporization-condensation generated particles that have and have not undergone RH conditioning prior to classification in DMA-1 are shown in Figure 9 . The mobility diameter of conditioned particles does not change FIG. 9 . Comparison of the hygroscopic growth curves of 40-nm (dry mobility diameter) furnace-generated particles with and without RH conditioning. For the conditioned particles, the RH history of the aerosol downstream of the tube furnace but before entrance to DMA-1 is 5% → 95% → 5%. Therefore, with RH conditioning, the complete RH history is 5% → 95% → 5% → X % where X is the abscissa in the figure. Without RH conditioning, the RH history is 5% → X %. The ordinate of the figure (mobility-diameter growth factor) is the ratio of the mobility diameters at elevated RH to the mobility diameter at below 5% RH. Also shown is the large-particle reference curve (Clegg et al. 1998) , although the shape factor correction is omitted.
prior to deliquescence. In contrast, the mobility diameter of particles without conditioning decreases as RH increases. This behavior, which is consistent with observations by other investigators (Krämer et al. 2000; Hämeri et al. 2001) , indicates that the primary particles generated by vaporization-condensation are highly agglomerated (i.e., high porosity and/or nonspherical shape factor) and reconstruct at RH values far below deliquescence. Adsorbed water, even submonolayer, aids Na + /Cl − ion movement to facilitate particle reconstruction (Luna et al. 1998) .
The reconstruction of particles without prior conditioning is complete by 30% RH, as is apparent in the leveling off of the growth factor. As a result, the dry mobility diameter decreases from 40 to 26 nm, and DRH is therefore expected to increase slightly due to the nanosize effect. Figure 9 shows, however, that DRH does not change. Similarly, particles of 6-and 10-nm mobility diameters also deliquesce between 74 and 76% RH when not conditioned (data not shown). The explanation could be that the particles not reconstructed by RH conditioning have increased free energy (i.e., are metastable) because of high porosity and high water content, in contrast to the lower free energy of euhedral particles reconstructed by deliquescence and recrystallization. Figure 10 shows the hygroscopic behavior of a polydisperse vaporization-condensation aerosol (d m of 18 nm and geometric 104 G. BISKOS ET AL.
Bimodal Deliquescence of Polydisperse Nanoparticles
FIG. 10. Deliquescence of polydisperse furnace-generated NaCl particles. The measurements were performed with the experimental setup shown in Figure  1 but bypassing DMA-1. The RH history in each experiment is 5% → X % → 60% where X is the RH value given in each panel.
standard deviation of 1.25) for increasing RH in a quasi deliquescence-mode experiment. The polydisperse aerosol was prepared by bypassing DMA-1 (Figure 1) , and the particle number distribution was measured by DMA-2 for a sheath flow of 60% RH. Due to the nanosize effect, the larger nanoparticles of the aerosol deliquesce at a lower RH than the smaller nanoparticles. As a result, a bimodal size distribution, consisting of small crystalline particles and large aqueous particles, occurs between 80% and 86% RH. Because the final RH is adjusted to 60% for these measurements, no hygroscopic growth of the deliquesced particles is observed.
CONCLUSIONS
The deliquescence and efflorescence relative humidity values of sodium chloride nanoparticles increase as particle size decreases from 60 to 6 nm. Consistent observations for nanoparticles prepared by two independent methods (vaporizationcondensation and electrospray) argue against any possible artifact of chemical impurities affecting our results. The experimental results are broadly consistent with the theoretical predictions by Russell and Ming (2002) , although the latter somewhat over predict the experimental DRH(d m ). The observations of diameter changes on the order of several monolayers prior to deliquescence also support the physical basis of the coated-surface model of Russell and Ming (2002) rather than the dry-surface model of Mirabel et al. (2000) .
